A of the solute diff usion coefficient in soil, D s , and its dependency on soil water content, bulk density, and soil type for soils with diff erent textures are essential for simulation studies to evaluate the risk of contamination from polluted soil sites where the release of contaminants in the soil liquid phase is mainly controlled by solute diff usion (Gamst et al., 2003) . Solute diff usion also facilitates plant uptake of nutrients, and thereby in part controls plant growth and crop yield (van der Ploeg et al., 1999; Jungk and Claassen, 1997) . Since solute diff usion is a relatively slow process compared with most other transport processes in the vadose zone, it is highly time consuming to measure D s in the laboratory. Consequently, only a few studies on solute diff usion in variably saturated soils with diff erent textures are available compared with the numerous studies on unsaturated water permeability, solute convection-dispersion, and soil gas diff usive and convective transport parameters .
Volcanic ash soils (Andisols) cover around 0.84% of Earth's land surface (Leamy, 1984) , including 7.4 × 10 6 ha in Southeast Asia (Dudal et al., 1983) , and exhibit diff erent pore size properties than normal mineral soils. Th e main clay mineral in a volcanic ash soil is allophane, which can retain water inside its fi ne, spherical shell structure. Due to the allophanic clay mineralogy and a typically well-aggregated soil structure (with a bimodal pore size distribution), volcanic ash soils exhibit large total porosities, high water retention capacities, high surface areas and cation exchange capacities, and good drainage-all properties benefi cial for plant growth (Shoji et al., 1993 . Th e unique soil physical characteristics of volcanic ash soils compared with normal sandy, loamy, and clayey soils will aff ect the liquid-phase transport parameters, including water permeability (Matsukawa et al., 1998) , and probably also the solute diff usion coeffi cient.
For loamy and clayey soils, Porter et al. (1960) studied the eff ect of water content and soil type on the solute diff usion coeffi cient. Th ey defi ned the liquid-phase impedance factor, f l , as
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The solute diff usion coeffi cient in soil (D s ) and its dependency on the soil water content (θ), soil type, and compac on govern the transport and fate of dissolved chemicals in the soil vadose zone. Only a few studies have quan fi ed solute diff usivity (D s /D 0 , where D s and D 0 are the solute diff usion coeffi cients in soil and pure water, respec vely) for variably compacted soils with diff erent textures. We measured the D s for KCl on fi ve diff erent soils from Japan: two volcanic ash soils (Andisols) at diff erent bulk densi es, two sandy soils, and a loamy soil. The D s was measured across a wide range of θ using the half-cell method. The D s /D 0 values for Andisols with bimodal pore size distribu on were compara vely lower than for the other soils. Opposite to the behavior for sandy soils, the D s /D 0 for Andisols at a given θ decreased markedly with increasing bulk density under wet condi ons but increased with increasing bulk density under dry condi ons. Data for all soil types including sandy soils with unimodal pore size distribu on implied a two-region behavior when plo ed as log(D s /D 0 ) vs. θ. We suggest that the similar behavior across soil types can be explained by regions of low and high water phase connec vity for rela vely structureless soils and by high intraaggregate and low interaggregate water phase tortuosity for aggregated soils. Among a number of tested predic ve models for D s /D 0 , the Penman-MillingtonQuirk model, which requires knowledge of only θ and total porosity, performed best across soil types.
where D s is the solute diff usion coeffi cient in soil (cm 2 s −1 ), D 0 is the solute diff usion coeffi cient in free water (cm 2 s −1 ), and θ is volumetric soil water content (cm 3 cm −3 ). Th ey observed a linear decrease of f l with decreasing θ for all soil types. Furthermore, the threshold water content (the water content where solute diff usivity ceases due to a disconnected water phase) became higher with increasing clay content. Barraclough and Tinker (1981) measured the solute diff usion coeffi cient on loamy soils and found that the diff usion time and the initial solute concentration did not aff ect solute diff usivity (D s /D 0 ). Th ey observed that the impedance factor decreased with increasing dry bulk density. So and Nye (1989) also studied the eff ect of bulk density, water content, and soil type on solute diff usion, using sandy loam and loamy clay soils. Th e impedance factor decreased with increasing bulk density for each soil type, but overall, the bulk density eff ect on the impedance factor was minor compared with the eff ect of soil water content and soil type. Kaselowsky (1990) and Bhadoria et al. (1991b) also found a minor eff ect of bulk density on solute diff usivity in sandy, loamy, and clayey soils. Only one previous study considered volcanic ash soil. Mehta et al. (1995) compared solute diff usivity in Utsunomiya volcanic ash soil (Kanto loam) and Shonai dune sand. Th ey observed an apparent infl ection point in the solute diff usivity curve, where a more rapid decrease in log(D s /D 0 ) with θ started to occur at around pF 2.8 (where pF indicates the logarithm of the negative matric potential in centimeters of water) for the volcanic ash soil and pF 3 for the sand, suggesting that the water fi lm (the water surrounding soil particles) and smaller water-fi lled pores became highly disconnected or restrictive at this point. Olesen et al. (2001) suggested that the point where solute diff usion ceased due to disconnected water menisci occurs at very low matric potential (high pF), in the pF interval of 4 to 6 depending on soil type. Th e studies by Olesen et al. (2000a Olesen et al. ( , 2001 ) on sandy and loamy soils suggested only a minor infl uence of both measurement scale and soil structure (comparing intact vs. sieved, repacked samples), but their study included only sandy and loamy soils.
Empirical models are often used to predict the solute diffusion coefficient from more easily obtainable soil physical characteristics (Millington and Quirk, 1961; Olesen et al., 1996 Olesen et al., , 1999 Olesen et al., , 2000b Moldrup et al., 1997 Moldrup et al., , 2001 Moldrup et al., , 2007 . Th e most widely used predictive model for D s /D 0 is the Millington and Quirk (1961) 
where Φ is the total soil porosity (cm 3 cm −3 ). Moldrup et al. (1997) combined the classical Penman (1940) and Millington and Quirk (1961) 
where θ th is the threshold soil water content at which solute diffusion will be zero due to a disconnected water phase. Recently, Moldrup et al. (2007) 
where H is a liquid-phase pore connectivity parameter assumed to be dependent on both soil type and compaction. Moldrup et al. (2007) further suggested a new expression to predict the threshold water content from soil texture and compaction:
where FC vol is the volumetric fi nes content (cm 3 cm −3 ), ρ b is the soil dry bulk density (g cm −3 ), CF is the clay fraction (g clay per 100 g particles), OMF is the organic matter fraction (g organic matter per 100 g particles), and d cl and d om are the particle densities of clay and organic matter, assumed equal to 2.7 and 1.0 g cm −3 , respectively. Th e above models have not been developed or considered in the context of volcanic ash soils. Th e key objectives of this study were (i) to measure and possibly identify a unique behavior of solute diff usion in volcanic ash soils at diff erent bulk densities compared with normal (sandy and loamy) mineral soils, and (ii) to evaluate which of the available predictive D s (θ)/D 0 models performs best across soil types including variably compacted, variably saturated volcanic ash soils. For this, we measured the solute (salt) diff usion coeffi cient, D s , of KCl on fi ve diff erent soils from Japan (two volcanic ash soils at diff erent bulk densities and, for comparison, a loamy and two sandy soils) across a wide range of water contents, and used the measured data together with available data from the literature for variably compacted soils with diff erent textures in the model tests.
Materials and Methods

Physical Proper es of the Soils
Five soils with diff erent textures from Japan were used: two volcanic ash soils (Nishi-Tokyo volcanic ash soil and Hokkaido volcanic ash soil), one silty loam soil (Hokkaido loam), and two sands (Hokkaido sand and Toyoura sand). Nishi-Tokyo volcanic ash soil was sampled at 5-to 10-cm depth from a pasture site in the Field Production Science Center at the University of Tokyo. Hokkaido volcanic ash soil was sampled from the surface layer of an agricultural fi eld at Shimizu-cho in Hokkaido. Hokkaido loam (a Gray Lowland soil) and Hokkaido sand were sampled from the surface layer of an agricultural fi eld at the campus of Hokkaido University and at Ishikari-city in Hokkaido, respectively. All soils were sieved (2-mm mesh). Coupled with mechanical separation of each soil particle size by sieving, hydrometer methods were used for conducting a soil particle size analysis for all materials (Gee and Bauder, 1986) . Soil dispersion was accomplished using a combination of chemical and mechanical means. Hydrogen peroxide and sodium hexametaphosphate were used for chemical dispersion in the procedures, and the pH of the soil solution for the Nishi-Tokyo volcanic ash soil was adjusted at around 8.0 by NaOH to enhance the soil dispersion. Th e physical properties of the fi ve soils used in this study are shown in Table 1 .
Th e soil water retention curve was measured using three diff erent methods, according to the matric suction ranges. A hanging water suction method was used for low matric suctions (up to pF 2), a pressure plate apparatus for medium suctions (pF 2-4.1), and a dew point potentiometer (WP4-T, Decagon Devices, Pullman, WA) for high matric suctions (>pF 4.1). Th e soil water retention curves (SWCs) of the two volcanic ash soils (Nishi-Tokyo and Hokkaido) and the silty loam (Hokkaido loam) were best represented by the bimodal van Genuchten SWC model (Durner, 1994) , while the unimodal van Genuchten model (van Genuchten, 1980) suffi ced to represent the SWCs of the sandy soils. Th e bimodal van Genuchten SWC model (Durner, 1994) describes the soil water content (θ) as a function of soil water matric potential (ψ) and can be interpreted as the cumulative contribution to soil water content of the inter-and intraaggregate pore space regions. Th e bimodal SWC model is
where θ s is the soil water content at saturation (cm 3 cm −3 ), θ r is the residual soil water content (cm 3 cm −3 ), w 1 and w 2 are the weighting factors (adding up to unity), α 1 and α 2 are scale factors (cm −1 ), and n 1 , n 2 , m 1 (= 1 − 1/n 1 ), and m 2 (= 1 − 1/n 2 ) are shape factors. Th e unimodal van Genuchten SWC model corresponds to Eq. [7] with i = 1. Th e scale factors, shape factors, weights, and residual soil water content are curve-fi tting parameters that were obtained from the soil water retention data by using the SOLVER tool in MS Excel (Wraith and Or, 1998) .
Th e water retention curves for all fi ve soils are shown in Fig.  1 . Th e water retention curves for two volcanic ash soils (Hokkaido and Nishi-Tokyo volcanic ash soils) and silty loam (Hokkaido loam) exhibit two infl ection points, illustrating the dual-porosity system in these aggregated soils.
Th e equivalent pore size distribution were calculated using following equation (Durner, 1994) :
where r is the pore radius (= 0.15/ψ cm), and C* is the specifi c moisture capacity (= dθ/dψ). Th e equivalent pore size distributions of the fi ve soil types (including Nishi-Tokyo soil at three bulk densities) are shown in the Fig. 2 .
Adsorp on Experiments
Volcanic ash soils have variable-charge soil characteristics due to allophanic clays and humus, causing the adsorption of Cl − onto clay particles and organic matter (Shoji et al., 1993) . Th erefore, adsorption experiments were performed for the two volcanic ash soils (Nishi-Tokyo and Hokkaido) following Hui et al. (2003) . For each soil, six samples (in triplicate) were prepared by adding 20 mL of KCl solution at diff erent concentrations (100, 500, 1000, 2000, 3000, and 4000 mg L −1 ) into 15 g of soil. Each sample was shaken for 48 h, centrifuged for 10 min at 4000 rpm, and fi ltered through 0.22-μm fi lter paper. Th en the equilibrium concentration of Cl − (C e , mg L −1 ) was determined using an ion chromatograph (Shimadzu Corp., Kyoto, Japan). Th e concentration of Cl − adsorbed onto the soil (S, mg kg −1 ) was calculated from a mass balance equation:
where C s is the applied solution concentration, V s and V f are applied solution volume and fi nal solution volume including initial soil water (L), respectively, and M is the dry mass of the soil (kg). Th e data followed a linear adsorption isotherm, 
Diff usion Experiments
Th e solute (salt) diff usion coeffi cients of KCl in the fi ve types of soils (including Nishi-Tokyo soil at three diff erent bulk densities) were measured using the half-cell method, which has been widely used in previous solute diff usion studies (Porter et al., 1960; Phillips and Brown, 1965; Kemper and van Schaik, 1966; Tinker, 1970; Robin et al., 1987; Bhadoria et al., 1991a; Sawatsky and Oscarson, 1991; van Rees et al., 1991; Olesen et al., 1999 Olesen et al., , 2000a Flury and Gimmi, 2002) . Here, as in most of the previous studies, Cl − from the KCl solution was used as the ionic tracer solute. First, the two half-cells (source and sink) were prepared. Each half-cell (10-cm length and 4.9-cm inside diameter for Nishi-Tokyo volcanic ash soil and Toyoura sand; 5-cm length and 5.1-cm inside diameter for Hokkaido volcanic ash soil, Hokkaido loam, and Hokkaido sand) was prepared by assembling 12 acrylic plastic rings. Rubber O-rings were placed between the plastic rings to prevent leakage and ensure watertight conditions for the column. Th en two halfcells were fi lled with sieved soil (<2 mm) at the desired bulk density. Th e source half-cell was saturated with 0.07 mol L −1 KCl and the sink half-cell with deionized water. Both half-cells were then drained to the desired volumetric soil water content at a given soil water matric potential by the hanging water suction method (up to pF 2) and pressure plate apparatus (pF 2-4.1). One end of each of the half-cells was cut with a knife to obtain an even surface at the interface between half-cells. The half-cells were then carefully connected and pushed fi rmly toward each other. Subsequently, both ends of the column (consisting of two half-cells) were attached to impervious plates and securely fastened by long clamps, after which the soil column was incubated at 20°C for about 1 mo (depending on the soil type and water content). After incubating, the soil column was sectioned in 0.5-cm (near the interface between half-cells) and 1-cm slices. Samples were taken from each slice for Cl − concentration and soil water content determination. For Cl − measurements, 2 g of wet soil from each slice was mixed with 20 mL of deionized water and shaken for 1 h, and an aliquot was centrifuged at 4000 rpm for 10 min. Th e supernatant was fi ltered through a Whatman 0.2-μm fi lter paper, and the Cl − concentration was measured by using an ion chromatograph (Shimadzu Corp.). Th e soil water content was determined by drying the remaining soil from each slice at 105°C for 24 h. Measurements were performed at three diff erent bulk densities (0.62, 0.7, and 0.8 g cm −3 ) and under seven soil moisture conditions (pF 1.5-4.5) for each bulk density for the Nishi-Tokyo volcanic ash soil, at one bulk density (0.6 g cm −3 ) under four soil moisture conditions (pF 1.0-3.6) for Hokkaido volcanic ash soils, at one bulk density (1.05 g cm −3 ) under fi ve soil moisture conditions (pF 1.0-4.5) for Hokkaido loam, at one bulk density (1.48 g cm −3 ) under three soil moisture conditions (pF 1.0-1.45) for Hokkaido sand, and at one bulk density (1.58 g cm −3 ) under fi ve soil moisture conditions (pF 1.47-2) for Toyoura sand. Six typical relative Cl − concentration profi les measured in the study are shown in Fig. 3 .
Applied Analy cal Solu on to Fit Half-Cell Data
Solute diff usion at constant volumetric water content and constant porosity through porous media can be described by the following equation (Flury and Gimmi, 2002) :
where C is the liquid-phase concentration of solute (g cm −3 ), t is time (s), x is distance (cm), D s is the solute diff usion coeffi cient in soil (cm 2 s −1 ), and R is the retardation factor, given by R = 1+ ρ b K d /θ, where K d is the linear adsorption coeffi cient. In this study, adsorption was considered only for two volcanic ash soils (Nishi-Tokyo and Hokkaido) where K d values had been measured. Th e retardation factor (R) was subsequently calculated from K d for each bulk density and at each θ, varying from 1.4 to 1.8 for Nishi-Tokyo volcanic ash soil and 1.1 to 1.4 for Hokkaido volcanic ash soil. For the other soil samples, the R value was set to 1.0. Applying the initial and boundary conditions for the fi nite system (Shackelford, 1991) ,
the analytical solution to Eq.
[10] can be written as
where C 0 is the initial liquid-phase concentration of the source half-cell (g cm −3 ), C i is the initial liquid-phase concentration in the sink half-cell (g cm −3 ), L is the total column length (cm), and t is time (s). Th e solute diff usion coeffi cient of KCl was calculated by fi tting Eq.
[12] to the measured solute (Cl − ) concentration profi le by the least square method using the SOLVER tool in MS Excel. In this study, a solute diff usion coeffi cient of KCl in water (D 0 ) of 1.99 × 10 −9 m 2 s −1 was used (Kemper, 1986 ).
F . 3. Example of rela ve Cl − concentra on profi les of (a-c) Nishi-Tokyo soil at pF 2 (log nega ve matric poten al in cm H 2 O), (d) Hokkaido volcanic ash soil, (e) Hokkaido loam, and (f) Hokkaido sand. Solid line is the model-fi ed concentra on profi le using Eq.
[12]; D s is the solute diff usion coeffi cient, ρ b is bulk density, t is me.
Literature Solute Diff usivity Data and Sta s cal Analyses
Th e measured solute diff usivities were compared with a number of solute diff usivity data sets from the literature (Table 1) . Data for another type of volcanic ash (Utsunomiya) was obtained from Mehta et al. (1995) . Solute diff usivity data for another two types of sand (Shonai dune sand [Mehta et al., 1995] and Memsen sand [Kaselowsky, 1990] ), two types of loam (Rothamsted [Barraclough and Tinker, 1981] and Hottenrode [Bhadoria et al., 1991b] ), and one type of clay (Heisede [Kaselowsky, 1990] ) were also considered to compare solute diff usivity in volcanic ash soils with other soil types.
To compare the performance of the diff erent, predictive solute diff usivity models, the root mean square error (RMSE) was used:
where d i is the diff erence between the predicted and measured values of solute diff usivity and n is the number of data points. Th e RMSE was used to evaluate the overall best model performance against the measured data.
Results and Discussion
Solute Diff usion in Volcanic Ash Soils
Th e calculated Cl − concentration profi le using Eq.
[12] fi tted the measured data well (Fig. 3) , allowing us to obtain reliable D s values for all experimental conditions. Figure 4a (Mehta et al., 1995) were also included in the plots.
The D s /D 0 in all three types of volcanic ash soils decreased with decreasing θ (increasing pF), with the inflection point where a more rapid decrease in log(D s /D 0 ) started to occur at around pF 2.8 (see Fig.  4a-4c) . The inflection point at around pF 2.8 probably represents the separation between the inter-and intraaggregate pore space regions (i.e., the interaggregate pore space was completely drained at pF 2.8, as shown in Fig. 1 ). Th erefore, the solute diffused through inter-and intraaggregate pore space up to the infl ection point (pF < 2.8) and through only intraaggregate pores after that point (pF > 2.8). Th e shape of the curve changes at the infl ection point due to the diff erences in tortuosity in inter-and intraaggregate pore space regions, i.e., well-connected interaggregate pores and more tortuous intraaggregate pores (also discussed below). Th is two-region behavior is seen clearly from Fig. 4c . Additionally, Fig. 4b shows that a signifi cant value of D s /D 0 exists even at a low soil water matric potential (high pF). At low water contents in the volcanic ash soils, the solute remained in the intraaggregate pores and a very high soil water matric potential was needed to reduce θ to the threshold (θ th ) where the water menisci between the soil particles became disconnected also in the intraaggregate region. Figures  4a, 4c , and 4d show a marked eff ect of compaction on D s /D 0 for the Nishi-Tokyo volcanic ash soil. Th e values at the three diff erent bulk densities became almost the same at around θ = 0.30, however, where the curves cross each other. We believe this is the key explanation as to why some previous studies have suggested a marked eff ect of compaction while others did not, i.e., the eff ects are diff erent under diff erent moisture conditions.
Comparison of Solute Diff usivity in Volcanic Ash Soils with Other Soil Types
Th e D s /D 0 values in volcanic ash soils were compared with sandy, loamy, and clayey soils (Fig. 5a) . Th e magnitude of D s / D 0 as a function of θ decreased in the order of sand, loam, clay, and volcanic ash soil. A similar reduction of D s /D 0 with increasing clay content due to an increase in the soil specifi c surface area has been shown by Olesen et al. (1996) and Moldrup et F . 4 . Varia on of solute diff usivity with (a) volumetric water content and (b) soil matric poten al for volcanic ash soils (pF = log −cm H 2 O), and varia on of (c) log-transformed solute diff usivity and (d) impedance factor with volumetric water content for volcanic ash soils.
al. (2001)
. Th e much lower D s /D 0 values in volcanic ash soils compared with mineral soils at similar soil water contents are due to both the higher surface area and the larger total porosities of a dual-porosity structure, both of which will cause less water thickness around the soil particle, resulting in lower water-phase connectivity. In addition, volcanic ash soils exhibit the highest θ th values caused by a higher amount of intraaggregate pores due to allophanic clay minerals and highly tortuous pathways in the intraaggregate pore space. Figure 5b implies that the D s /D 0 data for all soil types, including sandy soil with a unimodal pore size distribution, exhibit a two-region behavior when plotted as log-transformed D s /D 0 vs. θ. Th e general two-region behavior is probably due to the fact that, at higher water contents, the rate of diff usion is governed by the water-phase tortuosity, but at low water contents, the number of soil particles connected with the water menisci governs the rate of diff usion (since water remains only around the soil particle) (Hu et al., 2004) . Under the latter condition, as water menisci between soil particles are disconnected with decreasing soil water content, D s /D 0 decreases more sharply. Volcanic ash soils have the infl ection point between the two regions at comparatively higher θ values because a large amount of water remains inside the aggregates due to the dual-porosity soil structure and the allophanic clay minerals. Th e general two-region behavior for all soil types is consistent with the fi nding of Mehta et al. (1995) , who, in agreement with our data, found infl ection points for sand at around pF 3 and for volcanic ash soil around pF 2.8.
Eff ect of Soil Compac on on Solute Diff usion
in Volcanic Ash Soils Figure 6 shows the effect of soil compaction on the impedance factor, f l , in volcanic ash soils compared with more conventional sandy, loamy, and clayey soils. Generally, f l was reduced as the dry bulk density (ρ b ) increased. Th e increase in ρ b (due to compaction) caused the soil particles to come closer to each other, which increased the tortuosity in the solute diff usion pathways, resulting in a decrease in f l . For volcanic ash soils, at higher soil water contents (θ > 0.3), the magnitude of f l decreases considerably with increasing ρ b compared with other soil types since the pore size distribution of volcanic ash soils is highly aff ected by ρ b variations-especially the average interaggregate pore diameter is dramatically reduced with compaction (see Fig.  2a ). Th is reduction in interaggregate pore size probably increases the liquid-phase tortuosity, resulting in a decrease in f l at higher soil water contents (θ > 0.3). Th e hypothesis is further illustrated in the schematics presented in Fig. 7a and 7b . To the contrary, f l increases with increasing ρ b at low water contents (θ < 0.3). Since a solute diff uses through intraaggregate pore space regions at low water content (θ < 0.3), an increase in ρ b introduces a greater possibility for continuous solute diff usion pathways among intraaggregate pores, as illustrated in Fig. 7a and 7c . Figure 8a shows the slope (H) of the impedance factor (f l ) vs. soil water content (θ) plot (H = Δf l /Δθ) for soils with diff erent textures (obtained from Fig. 4 and 6 ). For volcanic ash soils, H decreases as ρ b increases in agreement with Fig. 7 , while for other soil types, H maintains almost constant values with increasing ρ b (Fig. 8a) . Th e slope (H) is an index of the incremental change in water-phase connectivity for a certain incremental increase of soil water content. In the case of volcanic ash soils at low bulk densities, the soils with large interaggregate pore size have a comparatively higher amount of water-phase connections for a certain water content increment (higher H). To the contrary, at higher bulk densities, volcanic ash soils have smaller interaggregate pore size (see Fig. 2a ), resulting in a lower amount of water-phase connections for a certain water content increment (lower H). For other soil types, the more uniform particle size distribution results in a smaller eff ect of soil compaction on H (Fig. 8a) . Figure 8b shows the θ th values (taken as the intercept with the x axis of the fi tted line for f l as a function of θ, Fig. 6 ) for soils with diff erent textures. Th e θ th decreases with increasing ρ b for volcanic ash soils, in agreement with Fig. 7 , while θ th increases with increasing ρ b for all other soil types. For volcanic ash soil at a F . 5. Varia on of (a) solute diff usivity and (b) log-transformed solute diff usivity with volumetric water content for soils with diff erent textures (ρ b is bulk density).
F . 7. Schema c illustra on of (a) the slope and threshold water content at low and high bulk densi es in Andisols, and the hypothesized eff ect of a change of pore size distribu on on solute diff usion at (b) high water contents and (c) low water contents. F . 6. Eff ect of bulk density (ρ b ) on the impedance factor for soils with diff erent textures.
F . 8. Varia on of (a) slope (H), (b) threshold water content (θ th ), and (c) threshold soil matric poten al (pF th ) with bulk density for soils with diff erent textures.
high bulk density, the aggregates will be closer to each other. Th erefore, the observed decrease in θ th with the increase in ρ b for volcanic ash soils is probably due to a higher possibility of interconnected water pathways through the adjacent aggregates under low water content conditions where solute remains inside the aggregate. For other soil types, soil compaction (higher ρ b ) causes an uneven soil water distribution between soil particles (a decrease in the ratio of water content to solid content) under low water content conditions, resulting in increased tortuosity of the solute diff usion pathways and higher θ th .
Th e soil matric potential (pF) values at each θ th are shown in Fig. 8c , implying a linear increase of pF th with ρ b for all the types of soils including the volcanic ash soils. Th is further supports our hypothesis that soil compaction causes a reduction in the average pore size and that the soil water at θ = θ th is occupied in smaller pores at increasing ρ b . Interestingly, the key parameters characterizing solute diff usivity shown in Fig. 8 (slope H, intercept θ th , and the pF th ) all show linear relationships with ρ b for soils with diff erent textures. Specifi cally for the volcanic ash soils (Nishi-Tokyo, Hokkaido, and Utsunomiya), the variation of H and θ th with ρ b are given by (Fig. 8a-8b If these two relations are generally valid also for other volcanic ash soils, they will be highly useful if applied together with the CSIF model to calculate solute diff usivity, transport, and fate in volcanic ash soils. Th is needs to be further tested.
Test of Exis ng Predic ve Models for Solute Diff usivity
Th ree existing predictive models for the solute diff usion coeffi cient in unsaturated soil, the Millington-Quirk (MQ) model (Eq. [2], Millington and Quirk, 1961) , the PMQ model (Eq. [3], Moldrup et al., 1997 ) and the CSIF model (Eq. [4], Olesen et al., 2000b) , were tested against the measured data for soils with diff erent textures including volcanic ash soils. For the CSIF model version tested in this study, Eq. [6] was applied for the threshold water content, θ th , following Moldrup et al. (2007) . Figure 9 shows the model performance of the MQ, PMQ, and CSIF models against the data for the Toyoura sand, Hokkaido sand, Hokkaido loam, Hokkaido volcanic ash soil, and Nishi-Tokyo volcanic ash soil at diff erent ρ b values. Th e scatter plots for model performance by the MQ, PMQ, and CSIF models show that the CSIF model performed slightly better against the measured solute diff usivity data for the sandy and loamy soils but failed to describe the data for the Nishi-Tokyo volcanic ash soils at diff erent ρ b values. Th e MQ model performed adequately only for sandy soils while the PMQ model could predict the solute diff usivities relatively well across soil types and conditions, including the Nishi-Tokyo volcanic ash soils at fi eld bulk density (ρ b = 0.7 g cm −3 ). Although the PMQ model failed to predict the D s /D 0 very accurately at diff erent bulk densities (ρ b = 0.62 and 0.8 g cm −3 ) and high water contents (Fig. 9b) , it performed adequately overall and seems useful for predicting D s /D 0 since it only requires knowledge of the water content (θ) and total porosity (Φ) as input parameters.
In perspective, if the predictive expression for threshold water content in the CSIF model can be developed especially for highly bimodal soils such as volcanic ash soils, an overall more accurate predictive model for solute diff usivity may be developed. For example, the overall RMSE of the CSIF model could by reduced to half (0.048) by keeping the threshold water content expressed by Eq. [6] for sandy and loamy soils but letting the threshold water content be a function of the total soil porosity following Eq. [15] [θ th = 0.42-0.27(1 − Φ)ρ s , where ρ s is average particle size density, 2.6 g cm −3 ] for volcanic ash soils to account for the higher content of inaccessible, intraaggregate pore water. Additionally, the distinct two-region behavior across soil types when depicting log(D s /D 0 ) vs. θ (Fig. 5b) should be considered in future model developments.
Conclusions
Solute diff usion in volcanic ash soils (Andisols) exhibits a unique behavior compared with normal sandy, loamy, or clayey soil types. Volcanic ash soils exhibited comparatively lower solute diff usivity ( • D s /D 0 ) values due to smaller water thickness around the soil particles or aggregates, caused by the high surface area and dual-porosity soil structure, higher threshold water contents ( • θ th ) than other soil types, indicating the existence of highly tortuous pathway in the intraaggregate pores under low water conditions, and an impedance factor, • f l [ = D s /(D 0 θ)] considerably decreased with increasing dry bulk density (ρ b ) under wetter conditions because liquid-phase tortuosity increases with a reduction in interaggregate pore size. To the contrary, f l increased with increasing ρ b under drier conditions due to a higher possibility of continuous water pathways among intraaggregate pores. Among the tested predictive models for solute diff usivity, the PMQ model by Moldrup et al. (1997) yielded the overall best model performance and is recommended since it only requires soil water content and total porosity as input parameters. Since this study documented a diff erence in the behavior of the threshold water content for solute diff usion in highly bimodal volcanic ash soils compared with more normal mineral soils, and also a dependency of the threshold water content on compaction, the development of more accurate solute diff usivity models across soil types, moisture conditions, and compaction levels are needed.
